Polypyrrole(PPy)/titania(TiO 2 ) nanocomposites were prepared by an in situ oxidative polymerization method with two different oxidants, namely ammonium persulfate (APS) and ferric chloride. The effects of oxidant type and TiO 2 particle loading level on the physiochemical properties of the PPy/TiO 2 nanocomposites were investigated in details. The intermolecular interactions within the polymer nanocomposites were explored by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). While scanning electron microscopy (SEM) was used to characterize surface morphology, transmission electron microscopy (TEM) revealed the well-dispersed TiO 2 nanoparticles in the PPy matrix. The thermogravimetric analysis (TGA) revealed improved thermal stability of PPy with addition of the nanofillers. The nanocomposites prepared by APS oxidation exhibited lower electrical conductivity at room temperature than that of the PPy nanocomposites from FeCl 3 oxidation polymerization. Both nanocomposites and pure PPy follow the three-dimensional variable range hopping (VRH) electron conduction mechanism. electrocatalysts for fuel cells, 13 and structural materials 14-16 arising from their unique physicochemical properties, which are superior to the conventional composites with filler size larger than 100 nm.
electrocatalysts for fuel cells, 13 and structural materials [14] [15] [16] arising from their unique physicochemical properties, which are superior to the conventional composites with filler size larger than 100 nm. [17] [18] [19] The properties and performances of these PNCs can be tuned to satisfy the desired applications through varying the filler material, size, shape and loading level in the polymer matrix.
Conductive polymers have many potential applications due to their combined electrical conductivity and polymeric properties such as flexibility, low density and facile structural modifications. [20] [21] [22] [23] [24] One of the interesting features of these intrinsically conducting polymers is that it is possible to tune the electrical conductivity (σ) over a wide range from insulating to metallic by doping, addition of fillers and intercalating polymers into different inorganic host materials. [25] [26] [27] Among conductive polymers, polypyrrole (PPy) has attracted enormous attention because of its high σ, easy preparation, chemical stability and good environmental stability. [28] [29] [30] It has many potential applications such as gas sensors, 31 actuators, 32 batteries, 33, 34 supercapacitors, 35, 36 microwave shielding and anticorrosion coating. [37] [38] [39] The addition of nanoscale fillers could improve the electrical and dielectric properties of the host polymers. 12, 27, 30, 40, 41 Titanium dioxide, also known as titanium (IV) oxide or titania, is one of the best known transition metal oxides that can be used as fillers. TiO 2 is normally transparent in the visible light region and its optical sensitivity and activity can be altered by doping or sensitization. TiO 2 is attractive due to their low cost, chemical stability, optical, electronic and UVabsorbing properties. It has been used for a variety of applications such as self cleaning, UV blocking, air purification, 42 photocatalysts, 43 photovoltaic materials, gas sensors, 44 electrochromic devices, 45, 46 optical coating and biocompatible materials for bone implants. 47 Its usage in the field of electronics is limited by its low σ. The wide band gap of TiO 2 results in an excellent transparency to visible light. 48, 49 59 Recently, "metacomposites" with negative permittivity including polypyrrole/WO 3 30 and polyaniline/WO 3 41 nanocomposites were successfully fabricated using a surface initialized polymerization (SIP) method. However, little work has been done in the PPy-TiO 2 PNCs, especially with tubular TiO 2 as the nanofillers. 60 It will be interesting to report the electrical and dielectric properties in these nanocomposites.
In this paper, we reported on the oxidative polymerization fabrication of PPy/TiO 2 nanocomposites by varying the oxidant types and TiO 2 tube loading level, and the effects on their respective morphology and other physicochemical properties were elaborated.
Experimental
Chemicals.-Pyrrole monomer, ammonium persulfate (APS), p-toluene sulfonic acid (p-TSA) and ferric chloride were all purchased from Sigma Aldrich. TiO 2 (Degussa P25), sodium hydroxide (Lamar Ka Inc), hydrochloric acid (Sigma Aldrich) and deionized water were used for fabricating TiO 2 nanotubes. All the chemicals were of analytical grade and used without any further treatment.
Synthesis of TiO 2 Nanotubes (TNTs).-Pure TNTs were synthesized following a literature procedure. 61 Pure TiO 2 powders (10 g Degussa P25) were dispersed in 350 ml NaOH (10 N) solution and then transferred into a Teflon lined stainless steel autoclave. The autoclave was maintained at 180
• C for 10 hours and then allowed to cool down to room temperature. The white precipitate obtained from the hydrothermal treatment was filtered under vacuum and washed with 0.1 N HCl solution for 3 hours. It was followed by washing with deionized water until pH was lower than 7. The samples were then dried at 100
• C overnight to obtain TNTs. The TNTs with an outer diameter ranging from 25 to 150 nm and length of 400-1500 nm were obtained. P-TSA (6.0 mmol) and oxidant (3.6 mmol) were dispersed in 40 ml deionized water under ultrasonication for 1 hour in an ice-water bath to obtain a uniform TNT suspended solution. Aqueous pyrrole solution (7.4 mmol pyrrole in 10 ml deionized water) was rapidly mixed with the above prepared TNT suspended solution at room temperature. The solution turned to greenish immediately and then black, indicating the polymerization of pyrrole. The resulting solution was sonicated for another hour in ice-water bath for further polymerization. The black product settled down to the bottom of the container and was washed thoroughly with de-ionized water to remove any unreacted PTSA and oxidant. It was further washed thoroughly with methanol to remove any possibly formed oligomers. The obtained powders were dried completely at 50
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• C for further analysis. The components used in preparing different PNC samples were summarized in Table I . PNCs with three different TiO 2 particle loadings of 1.0, 10.0, and 25.0 wt% were prepared with the two different oxidants. PPy was also prepared via the same procedure but without any TiO 2 filler as comparison.
Characterization
In order to probe the interactions between the as prepared PPy and the included TNTs, XPS measurement was performed using a Kratos Axis Ultra Imaging X-ray photoelectron spectrometer (XPS) with pass energy of 40 eV for high resolution spectra and 160 eV for survey spectra. The monochromated Al anode X-ray source was used. The complementary surface analysis technique attenuated total reflectance infrared spectroscopy (ATR-FTIR) was employed to further investigate the mechanistic interactions between the polymer and the nanofiller. The number of scans and the resolution of measurements were 32 and 4 cm −1 , respectively. The thermal stability of pure PPy and its PPy/TiO 2 PNCs was examined by thermogravimetric analysis (TGA, TA Instruments TGA Q-500). The samples were heated from 26 to 800
• C under an air flow condition with a flow rate of 40 cm 3 /min. The heating rate used was 20
• C/min. The microstructures of pure PPy and its TiO 2 PNCs were observed by scanning electron microscopy (SEM, JEOL field emission scanning electron microscope, JSM-6700F) and transmission electron microscopy (TEM, Philips CM-200) with a LaB6 filament operated at an accelerating voltage of 200 kV. The dielectric properties were measured by a LCR meter (Agilent, E4980A) equipped with a dielectric test fixture (Agilent, 16451B) at the frequency range of 20 Hz-2 MHz. Pure PPy and its PNC powders were pressed in the form of disk pellets with a diameter of 25 mm by applying a pressure of 95 MPa in a hydraulic presser, and the average thickness is about 0.5 mm. The same sample was used to measure the electrical conductivity (σ) by a standard four-probe method in the temperature range of 50-290 K using a Model 7100 AC transport controller (Quantum Design). The temperature dependent resistivity is used to investigate the electron transport mechanism in pure PPy and its PNCs.
Results and Discussion
FT-IR analysis.- Figure 1 shows the FT-IR spectra of pure PPy, as-prepared TiO 2 , and PPy/TiO 2 PNCs with different particle loadings. In the as-prepared TNTs, Figure 1h , the peak at 3277 cm −1 arises from the physically-adsorbed water on the surface and 1629 cm −1 is due to the hydroxyl groups in the prepared TiO 2 .
62, 63 The FT-IR spectrum of pure PPy, Figure 1g , shows the absorption bands at 1528 and 1431 cm −1 , which correspond to C=C and C-N stretching vibrations, 27, 64 respectively. The observation of the characteristic PPy bands in all the PPy/TiO 2 PNCs indicates the dominant presence of PPy matrix in the PNCs. The broad band around 1280 cm −1 is attributed to C-H or C-N plane. 65 The spectra of the PPy/TiO 2 PNCs have almost identical peaks as those associated with the structure of pure PPy, which is due to the dominating phase of PPy in the formed PNCs. The interaction was further investigated by XPS as detailed below. Figure 2 shows the XPS survey spectra of PPy and its PNCs, PPYT-2 and PPYT-5. In the as prepared PPy, there are also elements of sulfur (S 2p at 169 eV) and oxygen (O 1s at 531.6 eV) in addition to the expected C1s (285.2 eV) and N1s (400.3eV) peaks from the monomer. This indicates that some amount of mineral acid PTSA and the oxidant APS are remained in the polymer product. As compared to the PPy, the PPYT-2 PNC shows an additional Ti 2p peak which is around 458.5 eV from the titania tubes. 66 PPYT-5 PNC was prepared from the oxidation by ferric chloride in the presence of the same mineral acid PTSA. As is seen from its survey spectrum, there is an extra Cl 2p peak at 200 eV and also the Ti 2p peak is much more intense than that in PPYT-2 although they both included 10% TiO 2 during the preparation. 67 This interesting elemental information correlates well with what we observed in the SEM images, Fig. 7b and 7e, in which the PPYT-2 shows well coated TiO 2 tubes by the as formed polymer while PPYT-5 has more exposed TiO 2 tubes on the surface. Figure 3 shows the high-resolution XPS spectra for nitrogen, carbon, oxygen and titanium respectively. In the N1s high resolution spectra, Figure 3a , an intense peak at 400.1 eV corresponding to the pyrrole nitrogen (-NH-) together with a high binding energy tail characteristic of positively charged nitrogen is observed in pure PPy and its PNCs, 68, 69 which further confirmed the formation of PPy. The C1s peaks shifted to higher binding energy while O1s peaks shifted to lower binding energy in the PNCs as compared to the PPy in Fig. 3b  and 3c , which indicates the interaction of the filler with the polymer matrix. Figure 3d further exemplifies the fact that there are more TiO 2 tubes exposed on the surface in PPYT-5 PNCs than the PPYT-2 PNCs. Figure 4 depicts the deconvolution of the high resolution O1s spectra for PPy, PPYT-2 and PPYT-5 respectively using the free XP-SPEAK41 program. The O1s peak from PPy is deconvoluted into three major components (531.3, 532.3 and 533.23 eV), which correspond to APS (531.3, 533.2 eV) and P-TSA (532.3 eV). This clearly demonstrates the presence of APS and P-TSA in both pure PPy and its PNCs even after excessive washing and also indicates the doping of PPy by P-TSA and the interaction of APS with PPy. In the PPYT-2 PNCs oxidized by APS, the O1s peak is deconvoluted into four major components: The O1s peak at 530.5 eV originates from the TNTs in the PNCs. The O1s peak at 532.3 eV arises from P-TSA, and the O1s peaks at 531.2 and 533.4 eV are from APS, respectively. In addition, the O1s signal for the PPYT-5 PNCs oxidized by FeCl 3 is deconvoluted into two major components, which are assigned to the O1s from P-TSA at 532.5 eV and TiO 2 at 530.9 eV, respectively. These O1s peak analysis and the deconvolution information indicate that the oxidant plays an important role on the formed PNCs and there is a strong interaction between the filler and the polymer matrix. Figure 5 shows the TGA curves of the as-prepared PPy and PPy/TiO 2 PNCs with different TiO 2 tube loadings prepared with different oxidant, i.e., APS and FeCl 3 , respectively. The weight loss in all the samples at temperatures lower than 150
XPS analysis.-

Thermogravimetric analysis (TGA).-
• C is due to the evaporation of moisture and solvent residue. The PNCs prepared with APS as an oxidant, Figure 5a , show the decomposition temperature of 218
• C for the prepared PPy, which is shifted to a higher temperature in the PNCs with 1 wt% (232
• C), 10 wt% and 25 wt% (241
• C) loading. The weight loss of pure PPy is 98.5%. However, the weight loss of the PNCs is lower than that of pure PPy after introducing the TNTs into the polymer matrix at the same high temperature, indicating an enhanced thermal stability of PPy in the PNCs. From the analysis, TiO 2 in the PNCs is estimated to be 1.4% (1.0 wt%), 12.8% (10 wt%) and 30.8 (25 wt%), respectively. The PNCs have a residue larger than that of the initial particle loading estimation, calculated from the initial weight of particles, monomers, and catalysts. This is due to the lower conversion of monomers during the polymerization of pyrrole and is also observed in the PPy-SiC, 27 PPy-Fe 2 O 3 , 64 PPy-WO 3 30 and PANI-WO 3 41 PNCs. The weight loss of the 1, 10 and 25 wt% loading is 97.2, 87.1 and 69.1%, respectively. The thermal stability of PPy is observed to be improved after incorporating the nanotubes and is increased further in the PNCs with increasing the nanotube loading.
In the case of PPy/TiO 2 PNCs synthesized with FeCl 3 as an oxidant, the decomposition temperature of pure PPy (260
• C) shifts slightly to a higher temperature, Figure 5b . The nanotube loading is observed not to have a significant impact on the decomposition temperature. The weight loss of the PNCs with an initial particle loading of 1.0, 10.0 and 25 wt% is 95.6, 74.7, and 63%, respectively, which is smaller than that (98%) of pure PPy, indicating an even lower polymerization of monomers. However, thermal stability of PPYT-6 with a tube loading of 25 wt% are reduced than that of the PNCs with a lower tube loading, which is due to the weaker interaction between the nanotubes and polymer chain. For example, individual bare TNTs rather than a complete coating are observed in the PPYT-6 samples, Figure 7f . Figures 6 and 7 show the SEM microstructures of the as-prepared PPy, TiO 2 and PPy/TiO 2 PNCs. Pure PPy particles exhibit a spherical shape with a uniform size distribution in Figure 6a and the as-prepared titania product shows a tubular morphology in Figure 6b . When the as-prepared TNTs are introduced to the polymer matrix, the TNTs are observed to be covered with PPy. In the PNCs with 1 wt% loading, the TNTs are covered with PPy completely and no bare TiO 2 tubes are observed, Figure 7a In the PNCs with a loading of 10 and 25% oxidized by FeCl 3 , the TNTs are observed to be less covered with PPy than the PNCs oxidized by APS. This result is consistent with the thermal stability data observed to have a lower weight percentage loss in the PNCs oxidized by FeCl 3 . This is due to the less monomer conversion in the PNCs oxidized by FeCl 3 during oxidation polymerization, which has a lower oxidation potential and is responsible for the lower polymerization than that of APS. 70 Figure 8 shows the TEM microstructures of the as-prepared titanium oxide, PPy/TiO 2 PNCs with 10 wt% loading synthesized with APS and FeCl 3 as oxidant respectively. The structure of the fabricated TiO 2 is tubular, Figure 8a . The PNCs, Figure 8b and 8c, are observed to exhibit nanotubes (dark shade) with a rough coating layer of PPy (light shaded), completely different from those of titanium oxide. Obviously, the outer layer is PPy and the inner layer is TiO 2 nanotubes. In the composites with an initial filler loading of 10 wt%, the oxidant APS and FeCl 3 are observed not to have too much influence on the formed structures. The nanotubes are fully covered with PPy. However, the one with APS appears to have a smoother surface than the composites fabricated with FeCl 3 as oxidant, Figure 8b and 8c.
Scanning electron microscopy (SEM).-
Transmission electron microscopy (TEM).-
Electrical conductivity (σ) and electron transport mechanism.-The electrical conductivity (σ) of the resultant PPy PNCs prepared by different tube loadings and oxidants (APS or FeCl 3 ) was measured using the standard four-point probe method to eliminate the contact resistance of the two-point probe method. The calculated temperature dependent resistivity of the resulting PPy PNCs prepared by different oxidants was measured between 10-300 K. Figures 9a and 10a show the temperature dependent resistivity versus temperature for the PNCs synthesized with APS and FeCl 3 as an oxidant, respectively. σ of all the measured samples is observed to increase with increasing the temperature, which is a typical behavior of the semiconductor. 40 The PPy PNCs are observed to exhibit higher σ than that of pure PPy (4.1 × 10 −4 S cm −1 ). The room temperature σ of the PNCs oxidized by APS with a higher initial tube loading, 10 and 25 wt%, is calculated to be about 0.110, and 0.084 S cm −1 , respectively, which is lower than that of the PNCs oxidized by FeCl 3 , 0.139 and 0.23 S cm −1 for the 10 and 25 wt% loading, respectively. This is due to the enhanced crystallinity of the PNCs oxidized by FeCl 3 , arising from the lower oxidation/reduction potential of FeCl 3 than that of APS, 70 which is helpful for the mobility of electrons than that of the PNCs oxidized by APS. The temperature dependent conductivity σ(T) of the disordered semiconducting materials is generally described by the Mott variable range hopping (VRH) model, Eq. 1.
where σ 0 is the conductivity at the high temperature limit and T 0 is Mott's characteristic temperature associated with the degree of localization of the electronic wave function. The exponent γ = 1/(1+d) determines the dimensionality of the conducting medium. The possible values of γ are 1/4, 1/3 and 1/2, for three-, two-and one-dimensional system, respectively. To understand the electron transportation mechanism, the relation between ln(σ) and T −1/γ is investigated for each sample. The linear plot of lnσ(T) against T −1/4 obtained from the experimental results, Figures 9b and 10b , indicates that the threedimensional (3D) charge transport occurs in all the samples. The values of Mott's characteristic temperature T 0 and the pre-exponential factor σ 0 are obtained from the slopes and intercepts by plotting the graph of ln σ and T −1/4 and are summarized in Table II . A larger T 0 implies a stronger localization of the charge carriers, with the increase of the resistance at low temperatures. A small T 0 implies a weak localization. 64, 72 In the case of PNCs oxidized by APS, T 0 decreases with the increase of the initial particle loading like 1 and 10 wt% and increases to higher T 0 when the particle loading reaches 25 wt%, indicating the enhanced localization of charge carriers and thus a decreased σ. These experimental results are in a good agreement with the theory. However, for PNCs prepared by FeCl 3 as an oxidant, the characterstic temperature T 0 decreases with increasing tubes loading, which is accompanied by a sharp increase of σ. T 0 for the PPYT-2 and PPYT-5 samples is 80,363.5 and 13,404.4 K, respectively, indicating that the PPYT-5 sample has a higher conducting state than that of the PPYT-2 sample due to weaker charge carrier localization in the PPYT-5.
Dielectric properties.- Figure 11 shows the real permittivity (ε ) and imaginary permittivity (ε ) as a function of frequency at room temperature for the PPy/TiO 2 PNCs oxidized by APS with different tube loadings. Figure 11a shows the variation of dielectric constant of the PNCs, oxidized by APS within the frequency range of 20 Hz to 2 MHz at room temperature. It is interesting to observe that there is not much variation in the dielectric constant ε with the change in frequency even at high tube loading, which is different from the PPy-WO 3 30 and PANI-WO 3 41 PNCs. However, ε increases sharply with the particle loading increasing from 1 to 10 wt% and decreases sharply at the higher particle loading of 25 wt% as compared to that of the PNCs with a lower particle loading. It is consistent with the observed σ for the PNC samples oxidized by APS showing that σ, Figure 9a increases first with initially lower particle loading and starts to decrease at higher particle loading. Figure 11b shows the imaginary permittivity (ε ) of the PNCs. ε is observed to decrease with increasing the frequency in all the samples and also ε decreases with the increase of the particle loading. It is further observed that ε and ε values, Figure 12a and 12b for the PPy/TiO 2 PNCs oxidized by FeCl 3 are higher in the PNCs with higher contents of TiO 2 . The dielectric constant for PNCs with 25 wt% loading is 3 times higher than that of the PNCs with a particle loading of 1 wt%, which is similar to the conductivity increasing with the increase of the tube loadings in the PNCs. This significant increase in the ε shows the Maxwell-Wagner-Sillars effect, in which the charge carriers accumulated at the internal interfaces. 30, 73 These ε results are in good agreement with the characterstic temperature T 0 observed in the PNCs which decrease with increasing in the nanoparticle loading indicating a weaker charge carrier localization in the samples. There is not much change in the ε with the increase of the frequency and an excellent stability of ε within the whole frequency range is observed. However, ε decreases sharply in the PNCs and the frequency for ε to be stable increases with the increase of particle loading.
Conclusion
Pure PPy and PPy/TiO 2 nanocomposites oxidized by two different oxidants, APS or FeCl 3 with different filler loadings were successfully prepared by the oxidation polymerization in an aqueous medium. XPS and FT-IR spectra analysis showed the interaction between PPy and TiO 2 . SEM and TEM analysis demonstrated that the TiO 2 nanotubes have been successfully incorporated into the polymer matrix. Thermogravimetric (TGA) analysis showed an enhanced thermal stability of the polypyrrole nanocomposites with the addition of the nanotubes as compared to that of pure PPy. The temperature dependent electrical conductivity investigation reveals a Mott variable range hopping (VRH) model in the nanocomposites. The conductivity of PPy/TiO 2 PNCs oxidized by FeCl 3 has a higher conductivity than that of the PPy/TiO 2 nanocomposites oxidized by APS, which is due to the lower oxidation/reduction potential of FeCl 3 . Dielectric permittivities have been studied over the frequency range from 20 Hz-2 MHz and reflected the Maxwell-Wagner-Sillars effect in the nanocomposites oxidized by FeCl 3 .
